Plain Language Summary {#S0001}
======================

Many individuals having cataract surgery are interested in reducing or eliminating their need for spectacles. Surgeons can implant bifocal intraocular lenses after removing the cataract to provide two different points of focus, one for distance and the second for intermediate (computer work) or near (reading). This study was designed to see how well a given intraocular lens could perform when the version designed for distance/near is implanted in one eye and the version designed for distance/intermediate work is implanted in the other. The idea of this "blended vision" is to provide better intermediate and near vision than might be possible with two "distance/near" lenses or two "distance/intermediate" lenses. Subjects also had to have astigmatism to qualify; only the version of these lenses that corrects astigmatism was used.

Subjects showed a very good range of vision from distance to near with this blended approach. Three quarters of them had 20/25 vision (close to 20/20) when looking at far, intermediate and near targets. Visual disturbances occurred, but three quarters of subjects did not find any visual disturbances bothersome. Lenses that correct astigmatism will not be as effective if they rotate in the eye. The lenses in this study showed very good stability.

Introduction {#S0002}
============

Overall satisfaction after multifocal intraocular lens (IOL) implantation at the time of cataract surgery was found to be largely dependent on the visual acuity outcome in a Japanese nationwide study of nearly 900 patients.[@CIT0001] Astigmatism can be an important factor; there was a 0.16 logMAR reduction in uncorrected distance visual acuity (UDVA) for every 1.0 D of residual astigmatism in a large retrospective study which evaluated nearly 2000 pseudophakic patients in a clinical setting.[@CIT0002] The reduction in visual acuity may become especially bothersome in patients implanted with multifocal IOLs; residual astigmatism (averaging 1.25 D) after multifocal IOL implantation was associated with a high retreatment rate.[@CIT0003] As such, reducing residual astigmatism at the time of multifocal IOL implantation is important. One of the most effective ways to reduce astigmatism at the time of cataract surgery is by utilizing toric IOLs.[@CIT0004]

One multifocal toric IOL that has been discussed in the literature is an apodized diffractive multifocal toric IOL (ReSTOR toric, Alcon, Fort Worth, Texas, USA). When compared to a monofocal toric IOL, the multifocal toric improved intermediate and near VA while maintaining good distance VA.[@CIT0005] The mean UDVA was reported to be 0.077 to 0.13 logMAR and the mean uncorrected near VA (UNVA) varied from 0.016 to 0.19 logMAR.[@CIT0006] The mean distance-corrected intermediate VA was 0.16 logMAR.[@CIT0006] Binocular defocus curve testing demonstrates visual acuity of about 0.0 logMAR at distance, 0.2 logMAR at 67 cm and 0.1 logMAR at near.[@CIT0007],[@CIT0008]

Postoperative rotation stability is an important consideration with any toric IOL. In general, each degree of misalignment can decrease the intended astigmatic correction 3.3%.[@CIT0009] Rotation stability with the apodized diffractive multifocal toric IOL was good. The mean IOL rotation has been reported to be 0.17 to 2.97 degrees[@CIT0010] with 97% of eyes exhibiting less than 10 degrees of rotation.[@CIT0006],[@CIT0010] The mean residual refractive astigmatism with the multifocal toric IOL was documented to vary from 0.22[@CIT0006] to 0.71[@CIT0005] D, with an average 80% reduction in refractive astigmatism achieved.[@CIT0006] These results demonstrate the IOL's rotational stability and ability to effectively reduce astigmatism after cataract surgery.

Quality of vision outcomes with multifocal toric IOLs are only rarely noted in the literature. Knorz et al did report subjective outcomes in terms of difficulty in performing intermediate or near tasks using the apodized diffractive multifocal toric IOL.[@CIT0011] The results show that nearly 80% had no difficulty with near tasks and that all subjects were able to perform the assigned intermediate tasks.[@CIT0011]

While there have been studies that evaluated outcomes with apodized diffractive multifocal IOLs, no study to date has evaluated the results after implantation of this toric multifocal IOL in a blended modality, using a high add in the dominant eye and a lower add in the non-dominant eye. It is expected that the results with this blended multifocal toric IOL approach will be similar to those obtained with the non-toric versions of the same multifocal IOLs in a similar blended modality. Outcomes after implantation of the non-toric low-add lens in one eye and the higher-add lens in the other eye have successfully increased the range of vision compared to bilateral implantation of one or the other model.[@CIT0012]--[@CIT0015] In the blended bifocal studies, the average binocular uncorrected VA was −0.02[@CIT0014] to 0.1[@CIT0015] logMAR at distance, −0.02[@CIT0014] to 0.22[@CIT0012] logMAR at 60 cm and 0.07[@CIT0012] to 0.5[@CIT0014] logMAR at near. The binocular defocus curves with best distance correction have shown good distance VA (around 0.0 logMAR), intermediate and near VA (around 0.1 logMAR).[@CIT0012]--[@CIT0015] Using a validated quality of vision test, 90% of those implanted with the blended bifocal IOLs rated visual disturbances as not bothersome.[@CIT0013]

The objective of the current study was to provide a normative standard for refractive and visual outcomes and normative data related to quality of vision in eyes with significant corneal astigmatism undergoing cataract surgery with blended implantation of apodized diffractive toric IOLs.

Methods {#S0003}
=======

This study was a prospective, single center, open clinical trial to evaluate visual acuity at distance (4 m), intermediate (60 cm) and near (40 cm) 3 months after blended implantation of the apodized multifocal toric IOL, using a low add model in the dominant eye and a higher add model in the non-dominant eye (dominance was determined using the Miles test). The study was approved by an institutional review board (Salus IRB, Austin, TX) and registered with clinicaltrials.gov (NCT03856944). Subjects were seen between October 2018 and November 2019, though registration of this clinical trial was completed on the 27th of February 2019 due to an administrative delay. All subjects signed an IRB-approved informed consent document. This trial was conducted in accordance with the Declaration of Helsinki. Please note that de-identified data from this trial is not available for sharing; results will be posted on clinicaltrials.gov.

Patients self-selected for multifocal implantation. Toric IOL calculations were completed with the Alcon Toric calculator, including the Barrett adjustment for posterior corneal astigmatism; the default surgically-induced astigmatism (0.1D) value was used for all calculations. All surgeries were completed by one surgeon using the clinic's usual standard of care, which included marking eyes with ink to indicate toric IOL orientation. Subjects were assessed preoperatively and at 1 day, 1 week, 1 month and 3 months post-operatively, though defocus and questionnaire data were included only at the 3-month visit.

Postoperative clinical evaluations included the measurement of binocular and monocular visual acuity, the manifest refraction, the orientation of the IOL, the best-corrected and uncorrected defocus curves and a quality of vision assessment. The primary measure of interest was the residual refractive cylinder after surgery. Other measures of interest were the refractions, as well as best-corrected visual acuity at distance, intermediate and near. The uncorrected binocular defocus curve was also measured. Quality of vision was measured using a validated, Rasch-scored questionnaire.[@CIT0016] Data were compared to clinical results previously reported in the literature for toric and non-toric IOLs of the same model used in the same blended modality.

Data were collected on appropriate case report forms and entered into an Access database for data checking and preliminary analysis (Microsoft Corp., Redmond, WA, USA). Statistical analyses were performed using the Statistica data analysis software system, version 12 (TIBCO Software Inc., Palo Alto, CA, USA). Parametric comparisons between the dominant and non-dominant eyes were made using analysis of variance (ANOVA) and non-parametric data were compared using the Chi-squared test.

Results {#S0004}
=======

A total of 29 subjects were successfully recruited for the study. All subjects completed the 3-month visit, with no adverse events reported at any visit. Several patients experienced postoperative dry eye, which was treated with the clinic's usual standard of care. [Table 1](#T0001){ref-type="table"} contains summary data related to the subject pool. There were no statistically significant differences in the mean keratometry, corneal astigmatism or IOL power implanted between the dominant (low add) and non-dominant (high add) eyes. There were no safety concerns and no adverse events in the study population.Table 1Summary Data (n = 29 Subjects, 58 Eyes)p\*Age (years)69 ± 9 (43 to 83)Sex (F:M)18:11Average keratometry (D)44.10 ± 1.29 (41.61 to 46.90)0.77Corneal astigmatism (D)1.42 ± 0.44 (0.70 to 2.50)0.51IOL sphere power (D)20.2 ± 4.0 (10 to 29.50)0.95[^1][^2]

[Table 2](#T0002){ref-type="table"} contains the monocular refractive and visual acuity data for the 58 eyes at 3 months postoperative. The subjects preferred their uncorrected distance vision (i.e. had a plano refraction) in more than half of the eyes tested (32/58, 55%). The residual refraction in the remaining eyes was nominal, which is why the best distance-corrected and uncorrected values are so close. The residual refractive astigmatism was less than or equal to 0.50 D in 100% of eyes.Table 2Monocular 3 Month DataRefraction (D)AverageStdevMinimumMaximum Sphere−0.050.16−0.500.25 Cylinder0.020.080.000.50 Spherical equivalent−0.040.170.25−0.50Uncorrected Visual Acuity (logMAR) Distance0.060.10−0.100.36 Intermediate0.060.11−0.200.36 Near0.120.11−0.100.38Best Distance-Corrected Visual Acuity (logMAR) Distance0.040.09−0.120.30 Intermediate0.060.11−0.200.36 Near0.110.12−0.100.38[^3]

[Figure 1](#F0001){ref-type="fig"} shows the histogram of the percentage of patients with a given uncorrected binocular visual acuity at distance, intermediate and near. The best distance-corrected results are not shown because they were virtually the same, again a result of the minimal refractive error accepted by these patients. No subject had worse than 0.2 logMAR (20/32 Snellen) binocular uncorrected visual acuity at any distance. Seventy-five percent of subjects (22/29) had 0.10 logMAR (20/25 Snellen) binocular uncorrected visual acuity at all three distance.Figure 1Uncorrected binocular visual acuity at various distances.

The binocular uncorrected defocus curve is show in [Figure 2](#F0002){ref-type="fig"}. The best distance-corrected defocus curve is not shown, but it was virtually identical to this one because the refractions in these subjects were nominal. The mean distance-corrected VA at any vergence differed by less than 0.01 logMAR between the best distance-corrected and uncorrected states.Figure 2Binocular uncorrected defocus curve (n = 29).

The summary scores from the Quality of Vision questionnaire are shown in [Figure 3](#F0003){ref-type="fig"}. As can be seen, while subjects reported visual disturbances, the severity score was generally low. In addition, more than three quarters of subjects (22/29, 76%) reported that they were not bothered by them at all. Glare, haloes and fluctuating vision were the most commonly-reported visual disturbances. When they were reported, glare and fluctuating vision were considered the most severe.Figure 3Quality of vision scores.

Lens orientation was evaluated at both the 1-month and 3-month visits using a rotatable slit lamp beam. In 97% of eyes (56/58) the measured difference was less than 5 degrees; one of the remaining eyes had an apparent orientation change of 7 degrees and the other had an apparent orientation change of 14 degrees.

Discussion {#S0005}
==========

The results of a blended implantation approach with this apodized diffractive intraocular lens produced excellent results in all subjects. Residual refractions were minimal, lens orientation was isolated to a few cases and the reported quality of vision was very high (low questionnaire scores). Using a low-add bifocal IOL in the dominant eye with a high-add in the other appears to provide a good way to improve intermediate vision, a common concern with high-add bifocal IOLs, with no apparent increase in expected visual disturbances.[@CIT0014]

Reported residual refractions were much lower than expected. For instance, all eyes had a residual refractive cylinder of 0.50D or less. The expectation from the literature might be closer to 80%.[@CIT0009] Similarly the spherical equivalent refractions were much closer to the target than might be considered typical.[@CIT0017] It may be that subjects in this study were somewhat more tolerant of blur, or less visually discriminating than other study populations. This may also be why most subjects found the visual disturbances they experienced to be much less bothersome than has been reported in the past for this blended approach.[@CIT0018]

Visual disturbances encountered in this study appeared consistent with those reported in the past for the same lenses.[@CIT0017]--[@CIT0019] Glare and haloes were most often reported, though as noted above the degree to which they bothered subjects in this study was lower than has been previously reported.

While the refraction in all subjects was near-plano, the uncorrected binocular defocus curve appeared somewhat lower than has been reported for this modality in the past.[@CIT0013] We believe a possible contributing factor was the use of a trial frame in the testing process. The mean VA at a vergence of 0.0 (plano) was measured with no lens present and was similar to the mean binocular visual acuity independently measured for all subjects. The mean VA at vergences of −1.50D and −2.50D should have been similar to the mean binocular visual acuity at 60 cm and 40 cm, but were not. Some post-hoc experimentation to determine the cause of these differences indicated that the use of the trial frame was not optimal. Pantoscopic tilt, optical centering and inter-pupil distance significantly affected the optics of the trial lenses, and these were apparently not as well controlled as they should have been. We provide this as a caution to investigators measuring the defocus curve through a trial lens. In future we will either employ a phoropter for defocus curve testing or control the fit of the trial lens more carefully.

Lens rotation was measured only from 1 to three months, based on slit lamp evaluation. In all but two eyes the difference in orientation was less than 5 degrees. This appears consistent with previous findings for this lens material/design,[@CIT0020] though most studies in the literature evaluated the orientation immediately after surgery.

There are limitations to the current study. Subjects in this data set appeared to have a higher tolerance for blur and less trouble with visual disturbances than has been reported in the past, though uncorrected visual acuity is consistent with expectations. The data here may be affected by subjects' desire to feel "successful" with their implant, or there may be a cultural component. In any case, it may not be possible to generalize the refractive outcomes to different/larger groups. Another limitation was that changes in lens orientation were measured only at the 1-month and 3-month visits. Any earlier orientation would not be detected, and it has been well-established that most lens movement occurs within hours to the first few days after surgery.[@CIT0021] Finally, the lack of a control group did not permit head-to-head comparison with other implantation modalities.

In summary, the use of a low-add toric multifocal IOL in the dominant eye and a high-add toric multifocal IOL in the non-dominant eye provided a very good range of vision for the majority of subjects. Visual disturbances were limited and generally considered not bothersome. Use of this blended modality to improve intermediate vision where that is a concern would appear to be a viable approach.
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[^1]: **Note:** \*Difference between dominant and non-dominant eyes.

[^2]: **Abbreviations:** D, diopter; F, female; M, male.

[^3]: **Abbreviation:** Stdev, standard deviation.
